INTRODUCTION
The effects of water saturation and open pore space on the seismic velocities of crystalline rocks are extremely important when comparing laboratory data to in situ geophysical observations (e.g., Dortman and Magid, 1969; Nur and Simmons, 1969; Christensen and Salisbury, 1975) . The existence of fractured rocks, flow breccias and drained pillows in oceanic crustal layer 2a, for instance, may appreciably reduce seismic velocities in that layer (Hyndman, 1976) . Laboratory data assessing the influence of porosity and water saturation on seismic velocities of oceanic crustal rocks would certainly aid interpretation of marine geophysical data.
Igneous rocks recovered during Leg 58 of the Deep Sea Drilling Project, in the Shikoku Basin and Daito Basin in the North Philippine Sea, are extremely vesicular, as evidenced by shipboard measurements of porosities, which range from 0 to 30 per cent (see reports on Sites 442, 443, 444, and 446, this volume). Samples with this range of porosities afford an excellent opportunity to examine the influence of porosity and water saturation on seismic velocities of oceanic basalts. This paper presents compressional-wave velocities to confining pressures of 1.5 kbars for water-saturated and air-dried basalt samples from the North Philippine Sea. Samples used in this study are from sites 442, 443 and 444 in the Shikoku Basin and Site 446 in the Daito Basin.
Excellent negative correlation between porosity and compressional-wave velocity demonstrates that waterfilled pore space can significantly reduce compressionalwave velocities in porous basalts. Velocities measured in air-dried samples indicate that the velocity difference between dry samples and saturated samples is small for porosities exceeding 10 per cent, and very large for lower porosities.
EXPERIMENTAL TECHNIQUES AND DATA
Basalt samples used in this study were placed in sea water aboard ship upon recovery and kept saturated until arrival in the laboratory. Cylinders 1.25 or 2 cm in diameter and 3 to 5 cm in length were cut and weighed to determine wet-bulk densities. The water-saturated cylinders were wrapped with 100-mesh copper screen and then jacketed with copper foil. The copper screen allowed maintenance of pore pressures at values lower than external pressures. Barium-titanate transducers (1 MHz frequency) were attached to the core ends. The entire sample assembly was placed in a pressure vessel, where hydrostatic confining pressures as high as 1.5 kbars were applied. Compressional-wave velocities were then measured at 0.2-kbar increments to 1.0 kbar, and at 1.5 kbar. Table 1 presents compressional-wave velocities for the water-saturated samples and also lists wetbulk densities and the mean atomic weights for the samples. Calculations of mean atomic weight were based on geochemical analyses of Leg 58 igneous rocks (site reports, this volume).
Samples with least apparent alteration were selected, air-dried for periods greater than 48 hours, and reweighed. Effective porosities and grain densities were calculated (Table 2 ). Values for effective porosities and grain densities are minimum values, because all pore water was probably not evacuated. The air-dried samples were subjected to pressures as high as 1.5 kbars, and measurements of compressional-wave velocity were repeated. Table 2 presents compressional wave velocities for air-dried samples. Figure 1 shows the relationship between compressional wave velocity at 0.5 kbar and wet bulk density for water saturated Leg 58 basalts. Only samples from Sites 442, 443, and 444 were included in the least-squares fit, because of the obvious deviation of Site 446 data from the trend. This distinctive deviation results from the higher mean atomic weights of the Site 446 samples (Table 1) . Shikoku Basin samples have mean atomic weights around 22, typical of oceanic basalts. Site 446 samples, because of higher iron and titanium contents (Site 446 report, this volume), have mean atomic weights close to 23; therefore, they should not plot on the velocity-density relationship for lower mean atomic weights (Birch, 1960) . A better correlation between velocity and wet-bulk density is obtained for selected samples from Sites 442, 443, and 444 which have no filled vesicles and minimal apparent alteration (Figure 2 ).
RESULTS
The range of wet-bulk densities in Figure 2 is primarily related to the porosity of the samples. Figure 3 shows a strong negative correlation between porosity and wetbulk density for the selected Shikoku Basin samples. Also plotted on Figure 3 are theoretical lines relating porosity to wet-bulk density for given grain densities. Most samples plot near the theoretical lines for grain densities of 2.8 and 2.9 g/cm 3 , in agreement with the measured grain densities ( Table 2 ). The influence of grain density on wet-bulk density, therefore, is small in comparison to the influence of porosity. Figure 4 shows the relationship between compressional-wave velocity at 0.5 kbar and porosity for the selected Shikoku Basin samples. The strong negative correlation between porosity and velocity is close to the theoretical values predicted for water-saturated basalts by the time-average equation (Wyllie et al., 1956 ). The first-order control of velocity by porosity is clearly demonstrated by Figure 4 . The second-order influence of grain density is demonstrated by Figure 5 . Although grain density and velocity correlate well, the high value for the slope of the regression line indicates that the influence of grain density is small when compared to the influence of porosity. The compressional-wave velocities of the selected samples are primarily dependent upon the influence of water-filled pore space. The strong negative correlation between porosity and velocity ( Figure 4 ) was discovered using 1-MHz transducers. Similar strong negative correlations between porosity and velocity were observed for shipboard measurements using 0.4-MHz transducers. These results demonstrate that the compressional waves travel through vesicular basalts at an aggregate velocity which depends only upon the velocity through the solid rock, the velocity through the fluid, and the proportion of the porous rock saturated with fluid. The time-average equation presented by Wyllie et al. (1956) is the best description of the relationships presented here. This behavior is distinctly different than the data for the Lau Basin basalts discussed by Christensen and Salisbury (1975) . In that case, compressional waves travelled through vesicular basalts at speeds too great to be aggregate velocities. Christensen and Salisbury (1975) interpreted the velocities to be framework velocities. The importance of water saturation on compressional-wave velocities is demonstrated by Figure 6 , which shows the difference between velocities through water-saturated and air-dried samples [ΔV p = V p (saturated) -V p (air-dried)] versus the porosity of the sample. Site 446 samples are included in Figure 6 , because only the difference in velocity is important, not the absolute values. Velocities measured at 0.5 kbar were used in Figure 6 . Negative values of Δ V p apparently reflect errors in measurement which are less than 3 per cent. Figure 6 demonstrates that the velocity difference between the water-saturated and air-dried samples is large for porosities greater than 2 and less than 10 per cent. The difference is small to non-existent for higher porosities. The large magnitude of the velocity difference at low porosities is similar to the observations made by Nur and Simmons (1969) for lowporosity crystalline rocks. The difference between velocities for dry and saturated samples in the Nur and Simmons experiment was attributed to the influence of pores in the form of cracks rather than in the form of round holes. Leg 58 samples, however, are vesicular over the entire range of porosity. It is difficult, therefore, to separate the importance of crack porosity from vesicularity in this experiment. Gregory (1976) also found that the difference between velocities determined for water-saturated and dry sedimentary-rock samples was greatest for the low-porosity samples. Figure 6 also shows that the nature of the fluid in the pore space has very little influence on the aggregate velocity. This is surprising, because Figure 4 demonstrates that the time-average equation works well for the watersaturated basalts studied here. The time-average equation, however, does not work for air-filled pore space, as demonstrated by Nur and Simmons (1969) . Wyllie et al. (1958) noted similar behavior of the Berea sandstone when different saturating fluids were used. They noted little difference between the velocities for the watersaturated, porous sandstone and the dry sandstone, although the data for the water-saturated sample followed the predictions of the time-average equation.
CONCLUSION
Data presented in this study demonstrate that compressional-wave velocities of basalts recovered during DSDP Leg 58 are primarily dependent upon the porosity of the samples. The strong negative correlation between velocity and porosity and the second-order influence of grain density clearly document this dependence. Porosity is mainly in the form of vesicles, although the influence of crack porosity can not be neglected. The influence of water-saturated pore space can be large. Velocities of samples with porosities around 20 per cent, for instance, can be reduced by as much as 30 per cent. The time-average equation (Wyllie et al., 1956 ) adequately describes the variation of compressional-wave velocities of Leg 58 basalts as a function of porosity.
The influence of water saturation is most pronounced for samples with porosities less than 10 per cent. At greater porosities, the quantitative effect of water-filled pore space and air-filled pore space is about the same. This effect is similar to that observed for porous sedimentary rocks (Gregory, 1976) and low-porosity crystalline rocks (Nur and Simmons, 1969) .
The results discussed here support the idea that fractures in oceanic crustal layer 2a will considerably reduce the seismic-refraction velocities through the layer (e.g., Hyndman, 1976) . Although the scale of porosity and the frequency of waves used in this study differ tremen- dously from the scale of fractures in the oceanic crust and frequencies of seismic-refraction experiments, this study demonstrates that porosities between 0 and 25 per cent can significantly reduce compressional-wave velocities in oceanic crustal rocks. In particular, the timeaverage equation appears to adequately describe the porosity dependence of velocity in basalts saturated with sea water for frequencies which are sensitive to the open pore space. This study is only a preliminary examination of the influence of porosity and water saturation on seismic velocities in deep-sea basalts. Further work on this problem should focus on the possible frequency dependence of the relationships discussed here, the relative importance of crack porosity versus general volume porosity, the importance of the percentage of water saturation, and the role of pore pressure. 
